Aging is associated with reduced resources needed to perform difficult cognitive tasks, but the neural underpinnings are not well understood, especially as there is scant evidence linking functional brain differences to aging cognition. Therefore, the current study examined modulation of fMRI activation from easier to harder spatial distance judgments across a large lifespan sample (N=161; ages 20-94) to identify when in the lifespan modulation to difficulty begins to show deficits and if age-related modulation predicts cognition. Analyses revealed two sets of regions in which modulation increased with difficulty due to either more activation (positive modulation) or more deactivation (negative modulation) to difficulty. These two networks evidenced differential aging trajectories: a right-lateralized fronto-parietal network that decreased in modulation to difficulty between middle-and older-age, and a network of regions in ventromedial prefrontal cortex, posterior cingulate, left angular and middle frontal gyri that showed decreased modulation at the transition from younger to middleage. Critically, older adults who maintained negative modulation to difficulty showed higher task accuracy. Further, individuals who showed greater coupling between positive and negative modulation performed better on a fluid reasoning task. Age-related preservation of coupled modulation in both cognitive control regions and regions typically associated with default network may be a salient marker of how the brain adapts to maintain cognitive function as we age.
Introduction
Decline in cognition is a well-documented phenomenon of aging, even in the absence of significant disease (Salthouse, 2000; Park et al., 2002; Schaie, 1994) . Specifically, older adults often experience greater deficits on tasks with high demands on regulatory processing compared to younger adults (Braver and Barch, 2002; Reuter-Lorenz and Lustig, 2005; Verhaeghen et al., 2005) . It has been proposed that this deficit occurs because aging is accompanied by a reduced availability of the cognitive and neural processing resources required to perform more difficult tasks (Craik and Byrd, 1982; Reuter-Lorenz and Cappell, 2008) . Furthermore, aging studies often reveal large inter-individual differences in cognitive performance, where some older adults may perform as well as, or even better than some young adults (Christensen et al., 1994; Glisky, 2007) . To date, there are numerous studies examining the neural correlates of increased cognitive demands in young adults Barch et al., 1997; Linden et al., 2003) , and there is an increasing focus on group differences between younger and older adults (see Reuter-Lorenz and Cappell, 2008 for a review). However, individual differences in neural processing resources with aging and their ability to predict cognitive performance (or lack thereof) are poorly understood.
Functional magnetic resonance imaging (fMRI) studies find that strategic cognitive processing (which is required during difficult cognitive operations), relies heavily on fronto-parietal cortices (Miller and Cohen, 2001; Cabeza and Nyberg, 2000) . Specifically, dorsolateral prefrontal cortex, insula, posterior parietal cortex, and the precuneus constitute a "cognitive control network" which is responsive to changes in task demands Linden et al., 2003; Cole et al., 2013) . There is ample evidence that association cortices of the frontal and parietal lobes show age-related degradation in both gray (Raz et al., 2005) and white matter structure (Kennedy and Raz, 2009) , and these structural declines have been associated with reduced cognition (see Raz and Rodrigue, 2006; Kennedy and Raz, 2009 for review). Additionally, fronto-parietal cognitive control regions are thought to function as a switch responsible for the flexible engagement and disengagement of other brain networks (Cole et al., 2013) . In young adults, blood-oxygen-level-dependent (BOLD) activity in fronto-parietal cortices is actively coupled with suppression of activity in default regions of the brain (Spreng et al., 2010) which are generally more active during rest or "default" states (Greicius et al., 2003) . Recent evidence suggests that the coupling between fronto-parietal activity and default mode suppression weakens in old age, especially in the face of more challenging cognitive operations (Turner and Spreng, 2015) . Therefore, BOLD response in fronto-parietal regions may be predictive of age differences in cognition due to structural degradation as well as the potential influence on functional activity in proximal and perhaps distal brain regions, including the default mode system. Indeed, studies examining age differences in functional response during tasks with low and high cognitive demands frequently report that the greatest age differences are in cognitive control regions. Comparative studies of younger and older adults find that when task demands are low, functional activity in old age is characterized by increased activity in fronto-parietal regions compared to younger adults (Cappell et al., 2010; Spaniol and Grady, 2012; Mattay et al., 2006; Schneider-Garces et al., 2010) . This "over-recruitment" is thought to serve as compensatory activation that enables older adults to perform at similar levels as younger adults (Reuter-Lorenz and Cappell, 2008) . However, there remains conflicting evidence regarding the nature of prefrontal over-activation, as it has been associated with both better (Davis et al., 2012; Reuter-Lorenz and Lustig, 2005 ) and worse cognitive performance (de Chastelaine et al., 2011) in older adults. Therefore, caution is advised when interpreting relative agegroup differences in functional activity, particularly in the absence of clear behavioral associations (Grady, 2012) .
As task difficulty increases, younger adults increase activity in fronto-parietal regions (Schneider-Garces et al., 2010; Turner and Spreng, 2015; Kennedy et al., 2015) and decrease activity in default regions (Persson et al., 2007) , suggesting that young adults are able to flexibly modulate neural response in both cognitive control and default mode cortex to account for increased task demands. In contrast, older adults may under-recruit prefrontal regions in the context of increased cognitive demands (Cappell et al., 2010; Schneider-Garces et al., 2010) , and this "under-recruitment" co-occurs with reduced suppression of default mode regions (Turner and Spreng, 2015; Persson et al., 2007; Sambataro et al., 2010) . When processing capacity is reached, neural resources hit a ceiling in older adults, thereby limiting the ability to further engage the brain regions necessary to meet the increased task demands (Reuter-Lorenz and Cappell, 2008) . This failure to appropriately modulate fronto-parietal control regions may also account for age-related reductions in cognition due to the importance of the cognitive control network in engaging appropriate networks (i.e., task-facilitative) and disengaging other networks (i.e., default mode regions; Turner and Spreng, 2015) . Putatively, older adults may also recruit default mode regions to support task performance when neural resource capacity is challenged or exceeded (Turner and Spreng, 2015) .
Although the majority of studies in neurocognitive aging have focused on understanding group differences between younger and older adults, there is an increasing focus on the importance of including the entire adult lifespan to better understand the trajectory of functional brain aging. The inclusion of a continuous, adult lifespan sample is paramount to address these issues, as there is growing evidence that middle-age may be an important period in which age-differences in functional activity may first emerge (Kwon et al., 2015; Kennedy et al., 2015; Park et al., 2013; Chan et al., 2014; Grady et al., 2006; Ankudowich et al., 2016) . Furthermore, different functional brain networks (like the fronto-parietal control and default mode networks) may age at different rates; thus inclusion of a full lifespan sample is essential to capture these differential effects. For example, we recently reported that during difficult semantic judgments, age differences in modulation to difficulty in fronto-parietal regions may emerge earlier in the lifespan (i.e., middle-age to older age) than in subcortical structures of the dopaminergic pathway (i.e., old age to very old age; Kennedy et al., 2015) . Finally, the inclusion of a lifespan sample allows for the examination of individual differences, rather than averaging across participant age groups, which squanders sensitivity to the large individual differences inherent within young and older adult age groups (Christensen et al., 1994; Glisky, 2007) .
In the current study, we use a nonverbal visuo-spatial distance judgment task with three levels of difficulty to examine how age affects the ability to modulate activation in different regions of the brain to difficulty, in a large, adult lifespan sample (ages 20-94) . Given the nature of the task, which incorporates aspects of working memory and visuo-spatial ability, we expect that conducting distance judgments will engage large portions of right-lateralized fronto-parietal cortex, and these regions will show modulation to difficulty in young adults (Baciu et al., 1999; Cabeza and Nyberg, 2000) . We predict that increased age will be associated with reduced modulation to difficulty both in regions that up-modulate or exhibit a "positive modulation effect" (i.e., right fronto-parietal) and down-modulate or exhibit a "negative modulation effect" (i.e., regions typically included within the default mode network; D.C. Persson et al., 2007) . The goals of the current study are two-fold: (1) characterize the lifespan trajectory of the modulation of activation from easier to more difficult levels of a cognitive task to potentially identify when in the adult lifespan functional processing resources (positive modulation and negative modulation to difficulty) may begin to show deficits and (2) evaluate whether and how individual differences in modulation to difficulty with aging are related to (i) task accuracy in the scanner and (ii) cognition measured outside the scanner (fluid reasoning). Critically, this will help elucidate the unclear nature of associations between functional modulation of activation and cognition, by testing if these functional differences in the aging brain are compensatory, deleterious or unrelated to cognitive performance.
Methods

Participants
Participants included 161 healthy adults, ages 20-94 (mean age=51.93 ± 18.9 years; 95 women; 66 men) who were recruited from the Dallas-Fort Worth metroplex. Participants with complete neuropsychological testing and fMRI were drawn from a larger sample (N=181); twenty participants were excluded from the current study for the following reasons: excessive in-scanner head movement (n=4); poor functional image acquisition (n=2); poor structural image acquisition (n=1); no response on > 15% of trials (n=2); and low accuracy ( < 70% correct) on the in-scanner control task (n=11). Although age was used as a continuous variable in all analyses, some results were visualized by splitting participants into four age groups of roughly equal size. Demographics for these age groups and the entire sample can be found in Table 1 .
All participants were screened to be right-handed and fluent English speakers with normal or corrected-to-normal vision (at least 20/40), and if necessary, vision was corrected using MRI-compatible corrective lenses during the fMRI session. Participants were additionally screened to be cognitively intact (Mini Mental Status Exam≥26; Folstein et al., 1975) with no history of neurological or psychiatric conditions, head trauma, drug or alcohol problems, or significant cardiovascular disease (however, n=32 reported diagnosis of hypertension). Participants' informed consent was obtained in accordance with protocol approved by the University of Texas at Dallas and the University of Texas Southwestern Medical Center.
Neuropsychological testing
Participants completed a battery of neuropsychological tests to measure performance across a variety of cognitive domains. For the current study, the Culture Fair Intelligence Test (CFIT) was the primary task of interest. CFIT is a fluid ability test consisting of matrix reasoning problems designed to evaluate the ability to recognize novel patterns and use these patterns to solve similar problems. We used Scale 3, Form B consisting of 50 items across four subtests (Cattell and Cattell, 1963) : 1) Series (3 minutes; 13 items) in which participants saw a series of three progressive matrices and had to identify the next matrix in the series, 2) Classification (4 minutes; 14 items) in which participants saw five matrices and had to identify the two matrices different from the other three, 3) Matrices (3 minutes; 13 items) where participants saw an array of four matrices (with one missing) and had to identify the matrix that would complete the array, 4) Topology (2.5 minutes; 10 items) where participants saw a series of abstract shapes with a dot and had to identify the matrix with a dot in an analogous location. After completing two to three practice items for each subtest, participants worked on the remaining problems, and scores were calculated as the number of items correct within the specified time limit for that subtest. Total number of items completed within the time limit across the four subtests was averaged to create a composite fluid reasoning score (CFIT).
fMRI protocol
fMRI acquisition
Participants were scanned on a single Philips Achieva 3 T whole body scanner equipped with a 32-channel head coil. BOLD fMRI data were acquired using a T2*-weighted echo planar imaging sequence in 29 interleaved axial slices parallel to AC-PC line (64×64×29 matrix, 3.4×3.4×5 mm 3 , FOV=220 mm, TE=30 ms, TR=1500 ms). In addition to functional volumes, high-resolution anatomical images were collected with a T1-weighted MP-RAGE sequence with the following parameters: 160 sagittal slices, 1×1×1 mm 3 voxels; 256×204×160 matrix, FOV=256 mm, TE=3.8 ms, TR=8.3 ms, FA=12°.
fMRI distance judgment task
Participants performed a spatial distance judgment task in which they conducted two types of judgments (modeled after Baciu et al., 1999, and . The first judgment was a categorical (LEFT/RIGHT) judgment in which they saw a dot on the left or right side of a horizontal bar. Using their index and middle finger on the right hand, participants indicated whether the dot was on the left or right side of the bar. This task was used as a control condition. The second judgment was a coordinate (NEARER/FARTHER) judgment in which participants briefly saw a vertical reference line, followed by a dot either above or below a horizontal bar at some distance. Participants indicated whether the dot was "nearer to" or "farther from" the horizontal bar, using the previously viewed vertical line as a reference for the distance (see Fig. 1 for a schematic). The coordinate judgment task included three levels of difficulty: easy, medium, and hard. In the easy condition, the dot was either very close to or very far from the horizontal bar. In the medium condition, the distance between the dot and horizontal bar was slightly closer to the length of the vertical reference line. In the hard condition, the distance between the dot and horizontal bar was very close to the length of the vertical reference line, making it more difficult to judge the "nearness" or "farness". The range of distances used in each difficulty level was determined by behavioral piloting of the task in 11 younger and older adults using response time cost to determine which stimuli were used to create the three difficulty conditions. Pilot participants also made subjective ratings of the stimuli as "easy" or "difficult".
Prior to entering the scanner, participants completed a short practice session of the task to ensure they understood the instructions. In scanner, each condition of the task (control, easy, medium, or hard) was presented in block design with five trials of a particular condition per block. Stimuli were presented for 2500 ms with a 500 ms interstimulus interval using PsychoPy v1.77.02 (Peirce, 2007 (Peirce, , 2009 , and responses were recorded via Current Designs 4-button fiber response pad (Current Designs INC, Philadelphia, PA). Each run of data consisted of 20 blocks split across the four conditions presented in pseudo-random order. Each run also included two 15 s blocks of fixation interspersed between the task blocks. There were three runs total yielding a total functional scan time of approximately 15 min.
fMRI processing
Individual participant's time series data were preprocessed with Statistical Parametric Mapping 8 (SPM8; Wellcome Department of Cognitive Neurology, London, UK) according to a standard pipeline of procedures. First, images were corrected for differences in slice time J.R. Rieck et al. NeuroImage 147 (2017) 262-271 acquisition. Second, individual volumes were corrected for within-run participant movement. Finally, images were normalized to a common MNI space and smoothed with an isotropic 8 mm 3 full-width-halfmaximum Gaussian kernel. Additionally, ArtRepair (Mazaika et al., 2007) was used to identify potential outlier volumes for each participant. For each participant, runs that had more than 15% outlier volumes (~30 volumes) with greater than 3% deviation from the mean in global intensity spikes or greater than 2 mm of motion displacement were flagged. Five participants had one run of data (out of three runs) flagged for excessive outlier volumes, and the noisy run was subsequently removed from further analysis. Participants with more than one run flagged for excessive outlier volumes were excluded from the study entirely (n=4). At the individual subject level, BOLD response to each condition (control, easy, medium, hard) was modeled in SPM as a block convolved with a canonical hemodynamic response function; six directions of motion-estimates for each volume generated from ArtRepair were also included as nuisance covariates. Several first-level contrasts were computed: Hard vs. Easy (to examine individual differences in modulation to difficulty) as well as Easy vs. Control, Medium vs. Control and Hard vs. Control for use in post-hoc examination of our second-level results (described below).
fMRI data analysis
Second-level modeling proceeded with two major analyses: First, we examined the effect of increasing task difficulty across all participants. For the entire sample, single-sample t-tests were conducted on the first-level contrasts of the linear effect of difficulty, which is equivalent to the contrast of Hard vs. Easy. This allowed us to determine which regions of cortex across all participants showed increased or decreased activity (positive modulation or negative modulation, respectively) in response to changing difficulty. Next, we examined the effect of age on modulation of difficulty from the easiest level of the task to the hardest level of the task. A voxel-wise regression was conducted using age (as a continuous variable) to predict increases or decreases in activity for Easy vs. Hard levels of distance judgment (positive modulation and negative modulation effects). All second-level analyses used whole-brain voxel-wise height threshold of p < .0001, cluster corrected at FWE p < .05.
Results
Behavioral results
To examine the effects of age and difficulty manipulation on task performance two repeated-measures general linear models were conducted with difficulty as a three-level (Easy, Medium, and Hard) within-subjects measure and age as a continuous between-subjects measure to predict mean accuracy and median response time across trials. For task accuracy, we found significant main effects of age (F(1,159)=4.12, p=.044), and difficulty (F(2,318)=38.23, p < .001), as well as an age×difficulty interaction (F(2,318)=5.72, p=.004). To decompose this interaction we conducted regressions with age on each level of difficulty 1 (however for clarity of illustration, the results are plotted using binned age variables; Fig. 2 ). With increasing age, participants were less accurate on easy (t(159)=−2.98, p=.003) and medium (t(159)=−3.73, p < .001), but not on hard (t < 1, p=.35) levels of difficulty ( Fig. 2A) . For response time we found a significant main effect of difficulty (F(2,318)=62.06, p < .001) and an age×difficulty interaction (F(2,318)=9.96, p < .001), which indicated that increasing age was associated with slower response times on easy t(159)=3.23, p=.002) and medium (t(159)=2.04, p=.043), but not on hard (t < 1, p=.48) levels (Fig. 2B ).
Imaging results
Supplementary contrast effects
Details of contrasts of potential interest are included as supplementary reports in Kennedy et al., (submitted for publication). These include the main effect of Coordinate vs. Categorical Judgments (Fig. 1 and Table 1 in Kennedy and colleagues (submitted for publication) which illustrates largely right lateralized regions of activity greater during coordinate than categorical judgments, consisting of frontoparietal regions including dorsolateral prefrontal cortex, anterior cingulate, and precuneus which are regions largely consistent with both spatial judgment (Baciu et al., 1999) and working memory (Barch et al., 1997; Cole et al., 2013) networks. Regions where the categorical control task was greater than coordinate task included bilateral temporo-parietal junction, middle temporal, posterior parietal (including angular and supramarginal gyrus), posterior cingulate, and medial prefrontal cortex, regions largely consistent with a "default mode" network of activity (Greicius et al., 2003) . For additional supplementary information on incrementing levels of difficulty from Easy to Medium and Medium to Hard see Fig. 2A , B and Tables 2 and 3 in Kennedy and colleagues (submitted for publication).
Effect of increasing difficulty from easier to harder judgments
Our primary contrast of interest to examine activation for the difficulty manipulation was a linear contrast across the three levels of difficulty, which is equivalent to a contrast of Hard vs. Easy conditions. We found regions with positive modulation and regions with negative modulation effects. The positive modulation effect was characterized by large and widespread increases in activation to Hard compared to Easy in largely right-lateralized fronto-parietal regions including: middle and inferior frontal gyrus, inferior parietal and anterior cingulate ( Fig. 3 hot clusters; coordinates in Table 2A ). In the negative modulation effect, activity was greater for Easy compared to Hard levels in lateral temporo-parietal, medial frontal, precuneus, and posterior cingulate cortices ( Fig. 3 ; cool clusters; Table 2B ).
Effect of age on positive and negative modulation to increasing difficulty
To investigate differences in ability to modulate activity to increased difficulty across the adult lifespan we tested an age×difficulty [Hard, Easy] interaction with Age (continuous) and difficulty (2-level) as factors.
2 This voxel-wise regression revealed that BOLD modulation to difficulty weakens with aging in both positive and negative modulated regions (see Fig. 4A ; coordinates in Table 3 ). Specifically, increasing age was associated with decreasing positive modulation of activation to difficulty in right-lateralized fronto-parietal regions including middle and inferior frontal gyri (BA 6 and 44/47), insula (BA 13), intraparietal sulcus (including both superior [BA 7] and inferior [BA 40] parietal lobules), and dorsal anterior cingulate (BA 32) (see hot colors in Fig. 4A, B) . Increased age was also associated with significantly decreased negative modulation in two midline regions -ventromedial prefrontal cortex (BA 10) and ventral posterior cingulate/precuneus (BA 23 and 31), -in addition to left angular (BA 39) and left middle frontal (BA 9) gyri (see cool colors Fig. 4A, C) .
Decomposing the age×difficulty interaction
To understand the nature of the age×difficulty interaction (i.e., to determine when in the lifespan these difficulty modulation differences arise for the two networks), we decomposed the effects as follows. Using the MarsBar (Brett et al., 2002) toolbox in SPM8, mean parameter estimates from each cluster from the age-regression analysis (Table 3) were extracted for each participant for first-level Easy vs. Control, Medium vs. Control and Hard vs. Control contrasts. Parameter estimates from the five positive modulation effect clusters (i.e., right middle frontal, right inferior frontal, right insula, right posterior parietal and anterior cingulate) were averaged to create a summary estimate of age-related decreases in modulation in these regions. Parameter estimates extracted from the four negative modulation effect clusters (left angular, left middle frontal, precuneus/posterior cingulate, and ventromedial prefrontal) were averaged to create an estimate of age-related decreases in modulation in these regions.
To determine at what point in the lifespan there were shifts in modulation, participants were split into four age groups and mean parameter estimates for each level of difficulty relative to control were examined (Fig. 5) . For the positive modulation network, younger and middle-aged adults showed increased activation from easier to harder judgments (Fig. 5A) , with the biggest age difference occurring with a decrease in activity to hard judgments from middle-age to old age (t(79)=2.51, p=.014). Interestingly, the oldest group no longer showed increased activation to more difficult items. For the negative modulation effect it is clear that these regions deactivate more to harder judgments, and this modulation difference across difficulty levels is lost with increasing age (Fig. 5B) , with the largest age difference from young to middle-age (t(81)=-2.26, p=.027).
Relationship between positively modulated and negatively modulated networks
We were next interested in whether ability to modulate BOLD response (i.e., exhibit greater differences in activity between Hard and Easy judgments) was related between the two networks. To investigate whether there was coupling of these networks (beyond their shared age-variance) we computed a partial correlation (controlling for age) between modulation (Hard > Easy parameter estimates) in positive modulation regions and negative modulation regions and found that there was small but significant coupling (r=−.18, p=.022) between the two functional measures. In other words, regardless of age, those participants that exhibited increased modulation in positive regions (e.g., right fronto-parietal cortices) also showed increased modulation in negative regions (i.e., greater deactivation in ventromedial prefrontal, precuneus/posterior cingulate), suggesting that the ability to flexibly modulate activation to difficulty is somewhat related between activated and deactivated networks (Fig. 6) .
Linking age-related modulation to difficulty with behavior
Our second major goal was to link age-related differences in modulation to difficulty with measures of behavior (both on the inscanner task and to a relevant measure of cognitive ability outside of the scanner, fluid reasoning) to determine if these age-related alterations in modulation were beneficial or detrimental. As in the prior analysis, modulation to difficulty was calculated as the difference in BOLD response to Hard and Easy judgments in the two networks resulting from the age regression (Table 3) .
Task accuracy
To examine whether age-related reductions in modulation of the BOLD response were related to task performance we conducted a multiple regression with age (continuous), mean positive modulation, mean negative modulation, and their interaction terms to predict accuracy on the functional task (averaged across easy, medium, and hard trials). Results revealed a significant age×negative modulation interaction (F(6,154)=6.86, p=.009). To decompose this interaction, we performed univariate regressions for each of the four age-groups to predict accuracy from negative modulation regions (Fig. 7A) . These post-hoc analyses revealed that the effect was selective to the old adults, specifically for the two oldest age groups (ages 55-69: t(38) =−2.01, p=.051 and 70-94: t(36)=−3.24, p=.002), more negative modulation predicted higher task accuracy, suggesting that greater deactivation of this network was beneficial to performance.
Fluid reasoning
Finally, to examine whether modulation to difficulty also predicted a related task completed outside the scanner, a second analysis was run using age, mean positive modulation, mean negative modulation, and their interactions to predict performance on CFIT, a test of general reasoning ability and fluid intelligence. We found a significant positive modulation×negative modulation interaction (F(6,154)=4.16, p=.047).
To examine the nature of the significant interaction between two continuous variables on reasoning, a median split was performed on the positive modulation variable (after regressing out age) to identify those participants with "high" and "low" modulation and was plotted against negative modulation as a continuous variable. Post-hoc analyses revealed that those participants who demonstrated both higher positive modulation and greater negative modulation had better fluid reasoning scores (t(78)=−3.70, p < .001; Fig. 7B ), suggesting that individuals with better fluid reasoning ability were able to better modulate both regions of activation and regions of deactivation.
Discussion
In the current study we examined the effect of increased cognitive difficulty on brain activation during a visuo-spatial distance judgment task across a large, adult lifespan sample. Across all participants, engaging in more difficult spatial distance judgments was associated with increased brain activity in largely right-lateralized fronto-parietal regions (positive modulation effect) and greater deactivation of regions typically associated with the default mode network (negative modulation effect). Next, we report that older age was characterized by reduced modulation to difficulty in right-lateralized posterior parietal, inferior and middle frontal gyri, and anterior cingulate (positive modulation) and in ventromedial prefrontal, precuneus/posterior cingulate and left lateralized angular and middle frontal gyri (negative modulation). Importantly, greater modulation was associated with better performance on both the in-scanner task and an out-of-scanner measure of fluid reasoning. These results support theories that when faced with increased difficulty, older adults may have fewer neural resources available for cognitive control, coupled with a reduced ability to dampen activity which may impede cognitive performance.
How does the brain respond to increased spatial judgment difficulty?
In our study, participants completed a visuo-spatial distance judgment task in which they estimated the distance between a dot and horizontal bar for easy, medium, and hard difficulty trials. This distance judgment task engaged both regions involved in visuo-spatial and working memory processes (see Kennedy et al., (submitted for publication) . When examining the BOLD response to difficulty across all participants (i.e., regardless of age), we found increased activity in right-lateralized fronto-parietal regions and anterior cingulate for Hard distance judgments, and increased activity in large portions of medial prefrontal, posterior cingulate, and temporo-parietal cortex for Easy judgments (consistent with typical default mode regions; Greicius et al., 2003) . The observation that default regions were more active during easier levels of the task is in accord with previous work (Persson et al., 2007) . The right-lateralization of increased difficulty modulation at Hard levels may indicate a greater reliance on right posterior parietal regions responsible for making coordinate (i.e., "nearer" vs. "farther") distinctions when cognitive demands are increased. This finding supports early work suggesting that right posterior parietal cortex has an advantage to processing coordinate compared to categorical information (Baciu et al., 1999) and suggests that as coordinate judgments become more difficult, participants may engage task-relevant regions of right parietal cortex to meet task demands.
How does modulation to difficulty differ across the lifespan?
When examining the lifespan effect of age on ability to modulate functional activity to difficulty (Easy vs. Hard), we found that increasing age was associated with decreased modulation in right-lateralized fronto-parietal regions. Unlike prior work suggesting that older adults "over-activate" frontal regions (compared to young adults) during difficult cognitive operations (Reuter-Lorenz and Cappell, 2008; Schneider-Garces et al., 2010; see Grady, 2012 for a review), in the current study we did not find any regions in the positive modulation network in which modulation increased with age. Furthermore, as seen in Fig. 6 , the decreased right fronto-parietal modulation in old age was not due to a higher level of activity at easy levels of the task; rather, with increasing age, the ability to increase activation as task demands became harder was diminished, suggesting that older adults showed similar levels of activity to young at easy levels of the task, but as difficulty increased, they were unable to bring relevant neural resources online. Indeed, prior studies finding age-related over-recruitment have utilized extreme age-group comparisons between young and older adults; therefore, findings of age-related "over-or under-recruitment" are, by definition, based on relative age-group differences. Here we utilized a continuous lifespan age analysis approach, which allowed us to model incrementing age as a biological construct rather than examining how old are different from young, as the extant literature has done.
Our findings are partially consistent with a recent hypothesis suggesting that age-related decreases in modulation to difficulty in frontal cortex will co-occur with decreased modulation in default mode regions (Turner and Spreng, 2015) . We observed that increased age was associated with decreased modulation in typically default regions (ventromedial prefrontal, posterior cingulate and left angular gyrus). This decreased modulation appeared to be driven by less deactivation at Hard levels of the task in the middle-aged through older adults, relative to younger adults. Our finding of increased deactivation with greater difficulty also supports previous work in which difficulty levels were parametrically manipulated across a variety of cognitive tasks (Turner and Spreng, 2015; Persson et al., 2007) suggesting that the ability to suppress activity is imperative as cognitive demands increase.
Our findings are also consistent with earlier work using a similar experimental paradigm. D.C. Park and colleagues (2010) investigated age-group differences associated with categorical (i.e., "left"/"right") compared to coordinate (i.e., "nearer"/"farther") judgments which they operationalized as "easy" and "hard" judgments, respectively and found that compared to young, older adults failed to suppress activity in default regions during more difficult coordinate compared to the easier categorical spatial judgments. The current work extends this prior study by utilizing the categorical judgment as a control task, including a parametric modulation of difficulty in coordinate judgments (i.e., easy, medium, hard), and testing a large lifespan sample. Here we add to this knowledge showing robust age reductions in modulation in frontoparietal regions.
4.3. When in the lifespan are differences in modulation to difficulty apparent?
In the current study, age differences in modulation to difficulty were observed in both positive modulation and negative modulation networks, but at different points of the lifespan. Specifically, during difficult distance judgments, regions including right-lateralized middle and inferior frontal, posterior parietal, and anterior cingulate, showed decreased BOLD response at the transition between middle age (35-54 years) and older age (55-69 years). On the other hand, for regions in which activity was deactivated during distance judgments (ventromedial prefrontal cortex, precuneus/posterior cingulate, left angular and middle frontal gyri), the greatest age difference in modulation was already apparent from young (20-34 years) to middle-age (35-54 years) and was characterized by less deactivation in middle-aged compared to young adults. These cross-sectional results hint at a differential time-course in the effect of age on BOLD response in typically default regions compared to fronto-parietal cognitive control regions.
Age group differences in default mode suppression during difficult cognitive tasks are well studied (D.C. Persson et al., 2007) . However, it is only with recent lifespan approaches that examine middle-age that it appears that these age-related changes may emerge much earlier in the lifespan than previously thought. For example, a study of functional network connectivity in a sample of 17-62 year olds found connectivity between fronto-insular cortex and default mode regions showed degradation as early as middle age (He et al., 2013) . It is important to note that longitudinal studies of age-related changes in default mode activity (specifically in medial default regions) have not found substantial age-related longitudinal change (Persson et al., 2014; Beason-Held et al., 2009) ; however, the samples included in those studies were age-restricted (i.e., the youngest participants included were 55 years old). Thus our finding between young and middle age in medial and left angular default regions in the current study would have preceded the entry of the subjects to those studies and required a wide age-span sample to capture. Future work including longitudinal measures across the entire adult lifespan will help to better understand how default mode activity changes with age.
Although the number of functional neuroimaging studies with full lifespan samples is limited, there is evidence that other brain systems may also show different trajectories of aging. For example, recent work examining modulation of activity during difficult semantic judgments found that fronto-parietal regions exhibited age differences earlier in the lifespan (i.e., from middle to old age), whereas subcortical dopaminergic regions showed age differences much later (from old to very old age; Kennedy et al., 2015) . Likewise, a lifespan study of neural correlates of successful memory encoding reports that engagement of "positive subsequent memory" regions (i.e., temporal, parietal and occipital regions) may begin to decline from young to middleage, whereas suppression of activity in "negative subsequent memory" regions (i.e., regions typical of the default mode network) may not differ until the transition from middle to old age (Park et al., 2013) . Taken together with the current results, it is possible that some neural systems may age more rapidly than others. Further work examining interactions between functional systems as well as longitudinal research examining individual change in functional activity is needed to more precisely characterize the trajectory of functional brain aging.
What are the cognitive consequences of reduced modulation to difficulty?
One of the greatest challenges in the cognitive neuroscience of aging is linking age-differences in functional activity under task conditions to meaningful differences in behavior. Yet, a clear interpretation of agerelated increases or decreases in activity as either compensatory or maladaptive necessitates demonstrating a link between those neural patterns to differences in cognitive performance. For example, prior work examining frontal activation across a variety of cognitive domains reports that in older adults, over-recruitment of prefrontal cortex (compared to young adults) has been associated both with better task performance (suggesting a prefrontal activation is providing a compensatory role; Cabeza, 2002; Davis et al., 2008; Rossi et al., 2004) and worse task performance (suggesting that prefrontal activation may be indicative of inefficient processing; de Chastelaine et al., 2011) . Similarly, less selective activation in specialized visual regions has been associated with poorer fluid processing (J. Rieck et al., 2015) and poorer memory performance (Burianová et al., 2013) .
The current study revealed a significant age-dependent brainbehavior relationship selective to our old participants (ages 55-69 and 70-94). Specifically, greater negative modulation predicted better performance during the in-scanner distance judgment task. These results support the idea that engagement of regions that are normally suppressed during the task is not necessarily compensatory, as it is not linked to better performance. Rather, the ability to modulate negative activity is an important component of maintained cognitive ability in old age. Prior work in different cognitive domains finds similar results-greater suppression of default regions has been linked to better executive function (Damoiseaux et al., 2008) and better subsequent memory performance (Otten and Rugg, 2001) , and this relationship may be moderated by age such that it is strongest in old age (Miller et al., 2008; Damoiseaux et al., 2008) or apparent even as early as the transition from middle to older age (Park et al., 2013) . Furthermore, our findings suggest that even though functional differences in negative modulation were evident as early as middle-age, the behavioral correlates of inadequate modulation of activation to difficulty might not be observed until much later in the lifespan.
We also report a novel brain-brain relationship predicting performance on our out-of-scanner task; we found an interactive effect between right fronto-parietal network modulation (positive modulation) and negative modulation, such that better fluid ability was predicted by increased modulation in positive regions and increased modulation in negative regions, even after controlling for age. Importantly, these findings suggest evidence for an interdependent relationship between functional activity in two different brain systems. Prior work finds that fronto-parietal control regions may be responsible for the engagement and disengagement of other brain networks like default mode regions (Cole et al., 2013 ). In the current study, it is possible that more robust right fronto-parietal modulation might aid in the modulation of negative activity, thereby enabling greater fluid reasoning ability (or this ability to flexibly modulate activation is enjoyed by those with higher reasoning ability). However, the exact direction of the relationship between these two functional systems cannot be determined from the current cross-sectional analysis. Regardless, our findings suggest a potentially strong relationship between activating fronto-parietal control and deactivating "defaultlike" systems in predicting cognitive performance, and this work provides further impetus to examine interactive relationships between different brain systems across the lifespan.
Conclusions
In sum, we provide novel evidence for widespread differences in ability to modulate functional resources to increased difficulty across the lifespan. We found that during a visuo-spatial distance judgment task, increasing age was associated with reduced modulation of both positive modulation in right-lateralized fronto-parietal regions and of negative modulation in regions showing deactivation to difficulty (ventromedial prefrontal, precuneus/posterior cingulate, left angular and middle frontal gyri). We also provide important evidence that the reduced ability to modulate activity to difficulty was predictive of poorer performance on the in-scanner task and of poorer fluid intelligence. Interestingly, the trajectory of neurocognitive aging may differ across functional brain systems-we found evidence that these deactivated regions may show greater age differences earlier in the lifespan than fronto-parietal cognitive control regions. Even though functional differences were evident as early as middle-age (i.e, starting around 35 years old), the behavioral correlates of inadequate negative modulation might not be observed until much later in the lifespan (i.e., after the age of 55). The precise mechanisms underlying these functional processes and influencing the time-course in which these changes appear motivates further research into the (longitudinal) time course of neurocognitive aging.
